A hyperthermophilic membrane-related β-1,4-endoglucanase (family 5, cellulase) of the archaeon Pyrococcus horikoshii was found to be capable of hydrolysing cellulose at high temperatures. The hyperthermophilic cellulase has promise for applications in biomass utilization. To clarify its detailed function, we determined the crystal structures of mutants of the enzyme in complex with either the substrate or product ligands. We were able to resolve different kinds of complex structures at 1.65-2.01 Å (1 Å = 0.1 nm). The structural analysis of various mutant enzymes yielded a sequence of crystallographic snapshots, which could be used to explain the catalytic process of the enzyme. The substrate position is fixed by the alignment of one cellobiose unit between the two aromatic amino acid residues at subsites + 1 and + 2. During the enzyme reaction, the glucose structure of cellulose substrates is distorted at subsite − 1, and the β-1,4-glucoside bond between glucose moieties is twisted between subsites − 1 and + 1. Subsite − 2 specifically recognizes the glucose residue, but recognition by subsites + 1 and + 2 is loose during the enzyme reaction. This type of recognition is important for creation of the distorted boat form of the substrate at subsite − 1. A rare enzyme-substrate complex was observed within the low-activity mutant Y299F, which suggested the existence of a trapped ligand structure before the formation by covalent bonding of the proposed intermediate structure. Analysis of the enzymesubstrate structure suggested that an incoming water molecule, essential for hydrolysis during the retention process, might be introduced to the cleavage position after the cellobiose product at subsites + 1 and + 2 was released from the active site.
INTRODUCTION
Cellulase is a key enzyme involved in the degradation of β-glucan cellulose biomass. A hyperthermophilic cellulase would be particularly useful in industrial applications. A hyperthermophilic archaeon, Pyrococcus sp., was isolated from a hydrothermal volcanic vent in the ocean [1, 2] . Hyperthermophilic β-1,4-endocellulases (endo-type cellulases) have been identified in the genome sequences of several hyperthermophilic archaea. The first hyperthermophilic endo-type cellulase (family 12) was found in Pyrococcus furiosus; however, this enzyme exhibited relatively low activity towards cellulose [3] . We previously isolated a unique membrane-related hyperthermophilic endocellulase from Pyrococcus horikoshii (termed EGPh; family 5) exhibiting relatively high activity towards cellulose [4, 5] . A membrane-related hyperthermophilic β-1,4-glucosidase has also been isolated from P. horikoshii [6] . Based on our current knowledge, it appears that archaea use a primitive mechanism, utilizing two enzymes to obtain glucose from cellulose.
The family 5 glycosyl hydrolase that belongs to clan GH-A (glycoside hydrolase clan A) is a large superfamily with divergent substrate specificity (http://www.cazy.org/GH5.html). The superfamily has also been referred to as the 4/7 superfamily because the three key residues are adjacent asparagine/glutamate residues at the end of β-strand 4 and a glutamate residue at the end of β-strand 7. Retention is the accepted catalytic mechanism of the family 5 enzymes, although the fundamental mechanism has been the subject of debate for many years. Evidence of the doubledisplacement mechanism originally suggested by Koshland [7] has been provided by visualization of a covalent glycosyl-enzyme intermediate by X-ray crystallography of enzyme-ligand complex structures formed with saccharide-substrate analogues substituted with fluoride at the 2-position of the glucopyranoside [8] [9] [10] . This covalent intermediate was also observed between a native saccharide substrate and mutant enzyme [11] [12] [13] . Therefore the double-displacement mechanism involving the formation of a covalent intermediate has been generally accepted in this class of enzymes. Structural data necessary to elucidate the catalytic mechanism of hyperthermophilic endocellulase have long been awaited. In a previous study, we prepared a protein crystal using truncated forms of EGPh [14] , and the protein structure of EGPh was determined by X-ray crystallography at high resolution [15] . However, we were not able to obtain any useful X-ray diffraction data of protein complexed with either substrate or product ligand. In the present study, under different crystallization conditions, we succeeded in preparing an alternative crystal for analysis of the enzyme-ligand complex structure, in which substrate or product ligand was competently bound to the active centre. Three molecules of EGPh in the crystallographic asymmetric unit were identified, allowing us to obtain many different types of the complexed structure. Crystallographic snapshots of the sequential events during the enzymatic reaction were obtained from various mutant enzyme-ligand complex structures. These snapshots described the detailed catalytic process of EGPh. Using these structural data, we analysed the detailed role of the subsite structure, as well as the catalytic mechanism of hyperthermophilic endocellulase.
EXPERIMENTAL

Construction and preparation of truncated protein and site-directed mutagenesis
The protein crystallization and structural analysis were conducted using EGPh N5C5, which is the truncated protein lacking five amino acid residues from both the N-and C-terminal ends of EGPh (Gene ID PH1171, EC 3.2.1.4) [16] . Point-mutant enzymes were prepared by site-directed mutagenesis using the QuikChange ® mutagenesis method (Stratagene). All mutant genes were inserted into the expression vector pET11a (Novagen). The constructed plasmids were introduced into Escherichia coli strain BL21(DE3) for recombinant protein expression. Expression and purification of the recombinant enzymes was carried out following a method described previously [5, 16] .
Crystallization
The purified proteins were dialysed against 50 mM Tris/HCl buffer (pH 8.0) and then concentrated to 20 mg·ml − 1 . Crystallization was performed using the hanging-drop vapourdiffusion method. The drops consisted of equal volumes (1.5 μl) of the protein and reservoir solutions. The crystal of the enzymeligand complex was prepared from EGPh N5C5 using a reservoir solution consisting of 1.5 M ammonium phosphate and 0.1 M Mes buffer (pH 6.5). The crystals were obtained over a period of approximately 3 days at 22
• C. The crystal of the EGPh N5C5-ligand complex was co-crystallized under the same conditions using a final concentration of 100 mM cellobiose (G2). In the case of the mutants (E201A, E342A and Y299F), the complex with cellotetraose (G4) was obtained by soaking a crystal for 2 h in the used reservoir solution containing 10 mM G4.
Data collection and processing
The crystals were collected with a CryoLoop TM (Hampton Research) and immediately flash-cooled at 100 K in a nitrogen cryostream. Diffraction data of crystals for the complex were collected at BL38 and BL44, SPring-8 (Harima, Japan), and processed and scaled using the HKL2000 and CCP4 (Collaborative Computational Project, Number 4, 1994) [17] packages. All model-building stages were performed with Coot [18] . The modelling of the structure of the enzymeligand complex was performed with Coot, and the refinement was performed with REFMAC5 [17] and CNS [19] . The dictionary of ligand is derived from the HIC-Up database (http://xray.bmc.uu.se/hicup/). After the incorporation of the ligand model in the F o − F c omit map, refinement of the enzymeligand complex was carried out using REFMAC5 or CNS. The diffraction data statistics and the crystallographic refinement statistics are summarized in Table 1 . Figures were produced using PyMOL (http://www.pymol.org).
Activity measurement
The hydrolytic activity of the enzymes toward 0.5% Avicel (Merck) was determined by measuring the amount of reduced sugars released from substrate at 85
• C in 100 mM acetate buffer (pH 5.5). The reduced sugars were determined by a modified Somogi-Nelson method [20] using glucose as a standard. PSA (phosphoric acid-swollen Avicel), used as a substrate, was prepared by swelling in 85% phosphoric acid, and then by removing phosphoric acid by filtration and centrifugation according to the method described previously [21] .
RESULTS
Crystallization of the enzyme-ligand complex
In a previous study [14] , we prepared the crystal of the truncated protein EGPh C5 of EGPh lacking five amino acid residues from the C-terminus, and determined the apo-enzyme structure [15] . However, we could not obtain X-ray diffraction data suitable for determination of the structure of the enzyme-substrate ligand complex. Failure to obtain suitable diffraction data might have been caused by the presence of zinc ions tightly bound between the two catalytic glutamate residues, which present an obstacle for the entrance of ligand in the active site. In the crystal screening using EGPh N5C5 (the truncated protein lacking five amino acid residues from both the N-and C-terminal ends of EGPh) [16] , we could prepare a new crystal with reagent number 48 [2.0 M ammonium phosphate and 0.1 M Tris/HCl (pH 8.5)] in the crystal screening kit (Hampton Research), thus optimizing the crystallization conditions as described in the Experimental section. The new crystal belongs to the space group C 2 with unit cell dimensions a = 162 Å (1 Å = 0.1 nm), b = 58 Å and c = 138 Å, and β = 109 Å. We identified three molecules of EGPh N5C5 in the crystallographic asymmetric unit. The rmsd (root mean square deviation) of the Cα atom was less than 0.5 Å among the three molecules (hereafter referred as MolA, MolB and MolC respectively), suggesting that they were almost identical. These structures of EGPh N5C5 are referred to as WT (wild-type) EGPh in the present paper. In the packing of the crystal form, the speculative active site of MolA and MolB does not exhibit sufficient space for binding of cello-oligosaccharide substrate. In MolC, however, sufficient space for substrate binding was observed between MolC and MolB.
We prepared crystals of the EGPh N5C5-cellobiose complex (WT-G2) under these conditions, and determined its structure. The structure was refined within 1.9 Å (Table 1) . Unlike family 5 endocellulase E1 from Acidothermus cellulolyticus (hereafter referred to as EGAc) [22] , we did not observe an electron-density map for any condensed cello-oligosaccharides in the active site of WT-G2. This result was consistent with HPLC analysis of the product from the reaction mixture containing G2 (results not shown). In the structure of WT-G2, three protein molecules (MolA, MolB and MolC) in the crystallographic asymmetric unit exhibited a high F o − F c electron-density map corresponding to G2 at subsites + 1 and + 2. Figure 1 shows the structure of MolA, MolB and MolC. The supposed catalytic residues (Glu 201 and Glu 342 ) were located at the non-reducing end of the bound G2. The G2 at subsites + 1 and + 2, [Glc( + 1) and Glc( + 2)], was mainly stacked by Trp 273 and Tyr 304 . In the structure of G2 between Trp 273 and Tyr 304 , the non-polar surface was co-planar with the hydrophobic part of Glc( + 1) and Glc( + 2). The electron density corresponding to G2 at subsites − 2 and − 1 was poor compared with subsites + 1 and + 2. However, the existence of some substance at the subsites could be sufficiently recognized by the F o − F c omit map contoured at 3.0 σ in MolA, MolB and MolC ( Figure 1 ).
Michaelis complex structure of the catalytic residue mutants
To examine the enzyme-substrate complex (Michaelis complex) structure, we prepared crystals of the inactive mutants, E201A and E342A, in which Glu 201 and Glu 342 were replaced by alanine. The crystals were soaked with G4 in the crystallization solution as described in the Experimental section. The refined protein structures revealed no distinct change in comparison with the apo-enzyme structure. ‡R free is calculated as the R cryst , using F o that were excluded from the refinement (5% of the data).
In the structures of E201A-G4 and E342A-G4, four glucose residues of G4 were clearly observed in the F o − F c omit map from subsite − 2 to subsite + 2 in the active-site cleft of MolA and MolB (Figure 2 ). In MolC, however, G4 was observed at subsites − 4 to − 1, and G2 was exhibited at subsites + 1 to + 2 on the calculated electron-density map (Figure 2 ). The Glc( − 4) of MolC was stacked by Arg 44 of MolB in the crystal form that was lying on Trp 82 of putative subsite − 4 of MolC. In the mutational analysis, the activity of the W82A mutant was 25% lower than that of WT enzyme (Table 2 ).
In the other structures of E201A-G4 and E342A-G4, one G4 unit was observed along the active-site cleft, and each glucose residue interacted with the stacking residues (Phe 69 , Trp 273 and Tyr 304 ) at subsites − 2, + 1 and + 2 respectively (Figure 2 ). However, the conformations of Glc( − 1) at subsite − 1 were significantly different in the structures of MolA. The substratebinding pattern in MolB of E201A-G4 was almost identical with that in MolA and MolB of E342A-G4 (Figure 2 ). In these structures, Glc( − 1) does not interact with the corresponding stacking residue Trp 377 . In the case of MolA of E201A-G4 (Figure 2) , however, Glc( − 1) interacted with Trp 377 at subsite − 1, so that the sugar conformation was changed from the relaxed chair form to the distorted boat ( 1,4 B) form of the β-anomer. Figure 3 shows the hydrogen-bond interaction between Glc( − 1) and the conserved residues (Glu 201 , Tyr 299 and Glu 342 ) in the three structures. In MolA and MolB of E342A-G4, the 2 -OH group of Glc( − 1) hydrogen-bonds with the putative proton-donor oxygen (O2) of Glu 201 (Figures 2 and 3A) . In MolB of E201A-G4, a unique hydrogen bond between the 2 -OH group of the Glc( − 1) and oxygen (O1) of Glu 342 was observed ( Figure 3B ). In MolA of E201A-G4, however, the 2 -OH group of Glc( − 1) hydrogenbonds with two oxygens (O1 and O2) of Glu 342 ( Figure 3C ). The sequence of (A)→(B)→(C) in Figure 3 suggests a sequence of snapshots that represent the formation of the stable Michaelis complex structure. During the enzyme reaction, the hydrogen bond between the 2 -OH group of Glc( − 1) and the proton-donor oxygen (O2) of Glu 201 is shifted to another bond between the 2 -OH group of Glc( − 1) and Glu 342 . In the following stage, a stable complex structure (the distorted boat form) is formed by hydrogen-bonding with Glu 342 and Tyr 299 ( Figure 3C ). In the superimposed structures of three enzyme-ligand complex structures (WT-G2, E342A-G4 and E201A-G4), the location of Glc( + 1) and ( + 2) was slightly different, even though they were inside the same subsite position (Figure 4) . The position of the bound G2 unit at Glc( + 1) and ( + 2) shifted towards the active centre by the formation of the distorted boat form of Glc( − 1) (Figure 4 ). Despite this positional shift of the G2 unit, a common hydrogen bond was observed between the 2 -OH group of Glc( + 2) and the carboxy group of Gln 306 ( Figure 4) . To understand the role of Gln 306 , we examined the activity of mutant Q306A. The mutant Q306A exhibited only 25% of the enzymatic activity exhibited by the WT against the substrate PSA (Table 2) .
Michaelis complex structure of the mutant Y299F
In the structure of MolA in E201A-G4 (Figure 3C ), Tyr 299 is located within hydrogen-bond distance (2.97 Å) of the The active sites of three structures in the asymmetric unit are shown in divergent-eyed stereo view. The F o − F c omit maps of the subsites − 2 to + 2 contoured at 3.0 σ were calculated prior to incorporation of G2 at the subsites + 1 and + 2 in the model structures.
endocyclic oxygen (O5) of Glc( − 1), and simultaneously contacts (2.55 Å) the nucleophilic oxygen (O1) of Glu 342 . To clarify a functional role for Tyr 299 in the catalytic action of EGPh, we determined the structure of Y299F complexed with G4. The mutant Y299F exhibits slight hydrolytic activity towards PSA, producing G2 ( Table  2 ). The crystal structure of Y299F-G4 was resolved at 1.65 Å. In the active-site cleft of Y299F-G4, the whole G4 structure was clearly observed in the F o − F c omit map. Subsites − 2 to + 2 were covered by the bound G4, and the structure of Glc( − 1) also exhibited the distorted boat form similar to that of MolA of E201A-G4 (Figures 5 and 6A ). However, a strong negative electron density was found in the scissile bond of the substrate structure model from the final refinement ( Figure 6B ). Figure 5 shows the superimposed structures from E201A-G4(MolA), Y299F-G4 and WT-G2(MolA). The overall structure of Y299F-G4 shows no significant difference with MolA of E201A-G4 structure ( Figure 5 ). In the superimposed structure of Y299F-G4 and the other structures, however, a noticeable change was observed in the χ angle of Glu 201 ( Figure 5 ). The difference of the χ angle of Glu 201 was also not observed in the structure of Y299F. A noticeable change was induced by the binding of G4 in Y299F. The distance between the oxygen of the carboxy group in Glu 201 and the C1 atom of Glc( − 1) was estimated to be 3.10 Å. Furthermore, a rare hydrogen bond between the 2 -OH group of Glc( − 1) and the carboxy group of Glu 201 (2.80 Å) was found in the structure of Y299F-G4 ( Figure 6A ).
Structural change in the subsite − 1 position by catalytic mutation
The overall G4 conformation of MolA in E201A-G4 was identical with that of Y299F-G4, but Glc( − 1) of MolA in E201A-G4 showed a subtle shift (∼0.44 Å) towards Glu 201 replaced by alanine ( Figure 5 ) that influences the glycosidic linkage oxygen of the scissile bond in the substrate (G4) structure. The shift of Glc( − 1) seems to result from the lack of a spatial barrier caused by the absence of a side chain on the Glu 201 residue. In the structure of Y299F-G4, the 2 -OH group of Glc( − 1) exhibited hydrogen-bonding with Glu 201 and Glu 342 , the key catalytic residues. The 2 -OH group of Glc( − 1) showed hydrogen-bonding with the carboxy group of Glu 342 , and was simultaneously located within hydrogen-bonding distance (2.84-3.05 Å) of the proton-donor oxygen (O2) of Glu 201 ( Figure 6A ). As mentioned above, this rare hydrogen-bond pattern has not been reported in any other glycosyl hydrolase.
DISCUSSION
In a previous study [15] , we determined the crystal structure of EGPh C5, but failed to obtain useful data to indicate the structure of the enzyme-substrate or enzyme-product complex. This seems to have been caused by the presence of zinc ions tightly bound between the two catalytic glutamate residues, which obstructed the entrance of ligand into the active-site cleft. An alternative crystal of EGPh N5C5, which was prepared in a crystallization solution without any bivalent metal cations, was used for the analysis of the enzyme-ligand structures. Unlike the previous crystal [14] , this new crystal involved three protein molecules in the crystallographic asymmetric unit. These protein structures were almost identical, but their active sites exhibited some differences, which allowed us to obtain various crystallographic snapshots of the enzyme-ligand complex structure. These snapshots aided our understanding of the substrate-binding and catalytic mechanism of the enzyme.
Michaelis complex structure
In E201A-G4 and E342A-G4, the structures of MolC exhibited a different substrate-binding pattern from those of MolA and MolB. Two substrate molecules were separately bound on both sides of the catalytic centre in MolC (Figure 2 ). This substrate-binding pattern, which has not been observed in other family 5 enzymes, revealed the additional subsites − 4 and − 3, which indicate that the main substrate-binding site of EGPh stretches from subsite − 4 to subsite + 2. That W82A exhibits low activity towards PSA (Table 2) suggests that Trp 82 functions as a stacking residue at subsite − 4. It was also confirmed that Trp 82 is conserved in subfamily 1 of family 5 cellulases (results not shown). The finding of the additional substrate-binding site (subsites − 3 and − 4) was due to the sufficient space for substrate binding at the active site of MolC in the crystal form. In both MolA and MolB, the substrate-binding space (subsites − 3 and − 4) was blocked by the interface of the neighbour molecule in the crystal form. The structures of MolA and MolB in E342A-G4 (Figure 2 ) provide an insight into the early stage of the substrate-binding process (Figures 3 and 4) . The result that Glc( − 1) in E342A-G4 exhibits no stacking interaction with the corresponding aromatic residue (Trp 377 ) indicates that Glu 342 is involved in the stacking interaction between Trp 377 and Glc( − 1). The structure of Glc( − 1) of MolB in E201A-G4 exhibits hydrogen-bonding between the 2 -OH group of Glc( − 1) and the O1 atom of Glu 342 . Interestingly, this structure is similar to that of Glc( − 1) of MolA and MolB in E342A-G4 (Figures 2 and 3) . Therefore Glu 342 appears to attract a glucose moiety through the interaction between the 2 -OH group of Glc( − 1) and Glu 342 in the initial substrate-binding stage. After this pulling action, the following stacking interaction of Glc( − 1) and Trp 377 seems to change Glc( − 1) from the normal chair form into the distorted boat form (Figure 3 ). The resulting distorted boat form would have a tendency to revert to the initial chair form because of its unstable structural conformation.
The electron density at subsites + 1 and + 2 in the WT-G2 structure was stronger than that of subsites − 1 and − 2, indicating that subsites + 1 and + 2 have more stable and stronger binding affinity towards the substrate than the other subsites. Although this strong binding affinity exists at subsites + 1 and The refined structures from the enzyme-ligand complexes exhibit various hydrogen-bond interactions between the catalytically important residues (Glu 201 , Tyr 299 and Glu 342 ) and the proximal glucose unit Glc( − 1). The catalytic residues are shown as a cyan stick model. Possible hydrogen bonds are indicated by broken lines.
Figure 4 Comparison of the ligand-binding pattern in the active site
The structures of ligand from the three enzyme-ligand complexes [WT-G2 (green stick), E201A-G4 (yellow stick) and E342A-G4 (white stick)] were superimposed based on the conserved residues of family 5 glycosyl hydrolases in the active centre. The superimposed structures are shown in divergent-eyed stereo view. + 2, stretching of the glucose moiety at the position was observed, as shown in Figure 4 . In addition, since the position of Glc( − 2) was not changed in these structures (Figure 4 ), the recognition of glucose residue at subsite − 2 is specific. The movement of the bound glucose residues at subsites + 1 and + 2, and the specific binding at subsite − 2, are important for forming the distorted boat form of Glc( − 1) at subsite − 1.
Characterization of the catalytic process
From the structural analysis, a narrower cleft was observed at subsites + 1 and + 2, when compared with that of subsites − 1 and − 2 at the active site. At subsites + 1 and + 2, two aromatic amino acid residues (Trp 273 and Tyr 304 ) stack one G2 unit and seem to fix the position of the substrate. During the hydrolytic reaction process, the glucose residue of cellulose is distorted at subsite − 1, and the β-1,4-glucoside bond of cellulose is twisted between The structures of MolA of E201A-G4 (yellow stick), Y299F-G4 (white stick) and WT-G2 (green stick) were superimposed based on the conserved residues. The glycosidic linkage oxygen of the scissile bond in MolA of E201A-G4 is within hydrogen-bond distance with the proton-donor residue, Glu 201 , of WT-G2. In Y299F-G4, the χ angle of Glu 201 was significantly changed compared with that of WT-G2.
subsites − 1 and + 1 perpendicular to the cellulose fibre. The final stage of the reaction is the release of the G2 from subsites + 1 and + 2. That glucose and cellotriose were not released from the reducing end of cello-oligosaccharides by EGPh indicates that the affinity of subsite + 2 in EGPh is strong, and that the binding of a glucose residue at subsite + 2 is important for catalytic activity. The strong affinity of substrate (G2 unit) at subsites + 1 and + 2, and the strong negatively charged environment at the catalytic centre (Glu 342 ) characterize EGPh. This characteristic may explain why EGPh has no condensation reaction activity, unlike EGAc [22] .
Role for Tyr 299 in the retaining mechanism
The critical role of the conserved amino acid residues in family 5 enzymes were confirmed through mutational analysis [16] . Among these conserved residues, Trp 377 and Tyr 299 showed structural and functional compatibility with family 5 cellulase as well as family 18 chitinase [23] . The interaction between Tyr 299 and the endocyclic oxygen (O5) of Glc( − 1) observed in the structure ( Figure 3C ) has been reported in the 2-fluoro glucosyl-enzyme structure (covalent intermediate structure) of family 1 myrosinase [24] and family 11 xylanase [25] . This interaction was proposed to be an oxygen-oxygen interaction, not a hydrogen bond, which might serve to stabilize the positively charged oxocarbonium-like state through charge redistribution with the negatively charged nucleophilic residue [25] .
To clarify the functional role of Tyr 299 , we constructed a Y299F mutant and elucidated its structure complexed with G4. The mutant Y299F exhibits slight hydrolytic activity towards G4. However, the Y299F-G4 structure revealed a unique complex structure involving the key catalytic residues (Glu 201 and Glu 342 ) and G4. The strong negative electron density that was generated from the final refinement involving G4 indicates that the bound G4 was digested between Glc( − 1) and Glc( + 1). The structure in Figure 6 represents the rare oxocarbonium-like structure trapped by the carboxy group of Glu 201 of the mutant Y299F. Interestingly, the structure of Glc( − 1) with the distorted boat form showed a rare hydrogen bond between the 2 -OH group and the protondonor oxygen (O2) of Glu 201 , which causes a noticeable change in the χ angle of Glu 201 ( Figures 5 and 6A ). The χ angle of Glu 201 observed in the Y299F-G4 structure was not observed in the Y299F structure. Furthermore, no change in the χ angle of Glu 201 was observed in the other mutants. This rare hydrogen bond might be due to a change of the hydrogen-bond network associated with protonation of Glu 342 caused by the absence of the OH group from Tyr 299 . These results indicate that the structure of Y299F-G4 is a unique intermediate structure in the hydrolysis of G4 by Y299F. The pH activity profile of the Y299F mutant was shifted towards alkaline pH, supporting the fact that protonation of Tyr 299 is important for catalytic action [16] . Figure 3C ). Therefore, during the catalytic process, EGPh seems to attract and position the substrate at the active site through the hydrogenbond interaction, as suggested by the sequence of (A)→(B)→(C) (Figure 3 ). After formation of the enzyme-substrate complex (C), positional change of Glu 342 accompanied by the movement of Tyr 299 seems to be induced to form the proposed intermediate with a covalent bond.
The structure of WT-G2 involves the final stage in the catalytic events. In MolA, the electron density of G2 at subsites − 1 and − 2 was recognized at 3.0 σ , although it was not clear (Figure 1 ). This poor density is due to its disorder or heterogeneity. MolB and MolC also have a planar and relatively strong unassigned electron density at subsites − 1 and − 2. In MolB, we clearly observed one water molecule in close proximity (2.50 Å) to Glu 201 (Figure 1 , MolB). The position of the water molecule was compatible with that of the O1 atom of the β-faced 1 -OH group of Glc( − 1) in MolA (Figure 1 , MolB and Figure 3C ). This poor electron density at subsites − 2 and − 1 in MolB seems to represent the intermediate at the final stage. In these structures, the position of the bound G2 at subsites + 1 and + 2 was clearly observed. The position of the G2 shifts to the outside (approximately 2.10 Å), compared with the structure of the E201A-G4, E342A-G4 and Y299F-G4 complexes ( Figure 5) . Therefore, at the final stage, an incoming water molecule essential for hydrolysis via the retaining mechanism seems to be introduced to the cleavage site after the bound product G2 moves towards the outside of the active cleft.
During the steady state of enzyme catalysis, the intermediate form is easily changed to a more stable state. Therefore obtaining protein crystals of the intermediate form is typically very difficult. To address this problem, the intermediate structure has generally been studied using chemical quenching methods involving the use of enzyme mutations or substrate analogues [9, 10, 25, 27] . However, the hyperthermophilic nature of EGPh allowed us to study the intermediate forms more easily. The optimal temperature for EGPh is >100
• C. This is significantly higher than the temperature required for crystallization (22 • C). Thus, during the co-crystallization of the enzyme and the ligands, the catalytic reaction might appear to be suppressed by temperature quenching [27] , resulting in a rare intermediate form that was relatively well maintained in crystalline form.
AUTHOR CONTRIBUTION
Han-woo Kim performed the experiments and designed the experiments. Kazuhiko Ishikawa contributed to the experimental design and conceived the study.
